A numerical investigation has been carried out to obtain a non-dimensional grid size (grid size/ tsunami base width) for the near shore discretisation of computational domains for long wave modelling. A 1D domain has been considered in which, the flow has been solved by 1D shallow water equations with vertically integrated flow variables. The sensitivity study of the grid size was carried out in the 1D channel with an open boundary at one end and shelf boundary at the other end. The grid size was varied from 10 m to 1000 m and its effect on the computation of the tsunami run-up along the shoreline has been investigated. The non-dimensional grid size for the computation of run-up was optimised by comparing the non-dimensional run-up (tsunami run-up/initial tsunami height) and a threshold value of 5.0e-4 was obtained. Further, the study was extended to real scenario by adopting various grids for the shelf region of northern Tamil Nadu coast, south east coast of India in 2D and a suitable grid size was obtained.
INTRODUCTION
Satisfactory modelling of tsunami is essential for planning of appropriate mitigation measures. Among the issues of relevance, specific focus is given for the accurate estimation of run-up height, arrival time and inundation length (Behera, et al., 2008; Murty et al., 2007) . From the computational point of view, the grid size is a major parameter governing the above requirement. The global models for computing the arrival time and characteristics of propagating a tsunami usually work with large grid sizes that are in terms of kilometres (Zaibo, et al., 2003 , Choi et al., 2005 . The local shallow water problems, however, are usually represented with finer mesh (Lin et al., 2005) , which consumes more computational time compared to larger grid size. Usually, the computation of sea surface elevation due to tsunami perturbation in the deep sea could be carried out with large grid size (of the order of few kilometres) as the variation in the bathymetry profile is not significant and also the depth of water is large. On the other hand, changes in the bathymetry are significant in the shallow sea region that is, from the continental shelf to shore. The height and length of tsunami will change drastically in the shelf region. Thus, a finer grid is required to represent the depth profile of the shelf region in the computational domain in order to capture important features of tsunami profile. Hence, a study is warranted to identify the grid refinement required in shelf region. The accuracy in predicting the runup heights will help in defining a precise and reliable plan for mitigation measures.
In the present study, a grid sensitivity analysis was carried out by considering a characteristic tsunami using Shallow Water Equations (SWE). Initially, a 1D study is conducted to obtain an optimised non-dimensional grid size. Further, the study was extended to 2D by simulating the Great Indian Ocean Tsunami (2004) with a locally refined region along northern Tamil Nadu coast of India. An Explicit Finite Element Method presented by Behera, et al. (2008) is used for modelling propagation of the tsunami. This paper aims to obtain a threshold value of the grid size (dx) in relation to the base width of a tsunami (B) for simulating its characteristics while propagating from the deep water to the coast. This is accomplished by investigating variation of tsunami run-up, near shore wave pattern and resolution of bathymetry with SWE. Eventually, the effect of varying the non-dimensional grid size (dx/B) for non-dimensional run-up (R/h) is presented and discussed.
THEORETICAL BACKGROUND
Large scale oceanic flows such as, flow due to tides, storm surges and tsunamis are generally 3-dimensional due to the variations in water depth. However, as the vertical scale and momentum transfer are much smaller than the horizontal scale, the 3-dimensional governing equations by considering the vertically integrated flow reduce to 2-dimensional form of spherical shallow water equations. Thus, the system of 2-dimensional Spherical Shallow Water Equations (SSWE) could be numerically solved for the investigation of the suitable grid size for accurate prediction of run-up height. The corresponding 2D SSWE are given as (1) where, M (θ, ϕ, t) and N(θ, ϕ, t) are flow discharges in zonal and meridional directions respectively. However, M = uH, N = vH, u and v are the depth average velocities in zonal and meridional directions respectively. ζ(θ, ϕ, t) is water surface displacement from the still water level, H is the total water depth (H = d(still water depth) + ζ), g is gravitational acceleration, f (f = 2ω sin ϕ) is the Coriolis parameter, ω is angular velocity of the earth (ω = 7.29 × 10 −5 s −1 ) and ϕ is the latitude of the location. The bottom stress (τ b ), in this case is included in the θ and φ directions. The bottom stress is proportional to square of the velocity and is given by:
The dimensionless friction coefficient K b may be considered in the range of 1.0 × 10 −3 − 3.0 × 10 −3 (Dotsenko, 1998; Geist, et al., 2009) . In the present study, the friction coefficient is taken as K b = 2.6 10 −3 .
1D STUDY ON GRID CONVERGENCE 3.1. Numerical solution of the 1D SWE
In general, the physics of the tsunami propagation is 2D as discussed above. However, for preliminary understanding of the effect of grid size on tsunami run-up at the shoreline could be carried out in 1D. For this purpose, a 1D channel was considered. The linearised spherical shallow water equations were solved by a second order accurate implicit Crank-Nicolson method on a staggered grid. The shoreline boundary of the problem domain was imposed with a wall boundary condition. A radiation condition was specified at the open boundary. The radiation condition for boundary velocity as prescribed by Flather (1976) ; Durran (1999) and Kowalik (2003) has been implemented and is given by:
where, the velocity is considered to be positive (+) in the positive x-direction and negative (−) for the opposite direction.
Problem domain
A domain of 1000 km long as used by Kowalik et al. (2006) was considered for the study. The bathymetry of the domain was approximated by a constant depth in the offshore for 875 km and shelf of varying depth for 125 km of the longitudinal section as shown in Fig. 1 . The computational problem has been specified with a wall boundary condition at shoreline boundary and a radiation condition at the open boundary. Computations were performed for a tsunami generated by a uniform bottom uplift of 2 m in a region located between 200 and 400 km of the 1D channel as shown in Fig. 2 . The run-up was predicted at the shoreline boundary point where, a finite water depth of 10 m was assumed for computational simplicity. 
Effect of grid size (dx)
The grid size plays a vital role in the computation of run-up at the shoreline, where, the variation in the flow profile and characteristics are high. Although, in normal sea condition, the variation in wave elevations are not significant, the wave elevation in the case of a tsunami takes a quick jump within a short reach in the near shore region. Thus, the grid size selection in the near shore region is important and requires more insight. An attempt has been made to study the effect of grid size on the wave heights in deep sea as well as in the near shore. The surface elevation at the shelf break region (the transition region where water depth changes from deep to shallow), say, in a water depth of 200 m is shown in Fig. 4 . This could be considered as a representation of deep sea flow characteristics, as the surging of the wave starts off from this location. The figure clearly illustrates the profile of the tsunami propagating at the point of reference between 1 and 1.5 hrs towards the shore which is not superposed with any other component. An elapse of about 0.5 hr that is, more than two hours after the tsunami has originated, we observe the superposition of the reflected wave from the shore. The first peak (between 1 and 1.5 hr) in the above figure shows that the surface elevations are almost same for all the grid sizes, whereas, the second peak (between 2 and 3 hr) shows a higher surface elevation for a reduced grid size. The foregoing discussion clearly shows the capability for the numerical model in reproducing the characteristics of a tsunami propagating from deep ocean to the coast. Further, the effect of grid size on the incident surface elevation of the tsunami in deeper water corresponding to time 1 to 1.5 hr is found to be marginal, whereas, the surface elevation of tsunami between 2 and 3 hr, that includes the reflected component from the shore, is found to be significant. Hence, it could be inferred that the grid size plays an important role, in particular, while the tsunami propagates between the shelf break region and the shoreline. A close examination of the effect of the grids on the run-up variations at the coast as shown in Fig. 5 is found to show that the peak is underestimated if a higher grid size is adopted. Thus, a threshold value of the grid size needs to be obtained for convergence of run-up heights. The run-up height at shoreline shown in the above figure indicates a variation of 25% when the grid size is varied from International Journal of Ocean and Climate Systems 10 to 1000 m. Although, 100 m grid size seems to be reasonably good, it needs to be studied with respect to various wave lengths, which has been represented as base width in the present study. The base width of the initial perturbation could play a major role in the run-up at shoreline, as it will be directly proportional to wave length of the generating tsunami. The energy content of the wave depends on the wave height (h) and base width (B) of initial perturbation (wave length in case of regular wave), which consequently decides the height of the run-up. Thus, a detailed investigation has been carried out considering two non-dimensional parameters, namely; grid size to base width (dx/B) and run-up to initial tsunami height (R/h).
Variation of R/h with dx/B and Base width (B)
A variation of run-up with time at the shoreline for base width of 100, 200 and 300 km are shown in Figs. 6a, b and c respectively. The results executed by the numerical model for the different dx/B, shown in Table 1 , are superposed in the above figures for each of the base width of the tsunami tested. It is observed that for dx/B less than 5.0e-4, the run-up is almost the same. It is seen that the variation in the base width brings no effect on the maximum run-up. The base width has least effect on R/h where as for a higher base width the run-up sustains for a longer duration. This sustained run-up could lead to a higher inundation in the costal region. Thus, dx/B of 5.0e-4 could be considered as the threshold value for computing the maximum run-up irrespective of the base width. When dx/B is less than 5.0e-4 it could be seen that R/h reaches up to 5.0 in the form of a spike, whereas, the waveform of the maximum run-up is at R/h = 4.0. This phenomenon could be attributed towards capturing of splash or impulse, which is not the actual run-up. Thus, the threshold value for computing the maximum run-up is 5.0e-4.
Sensitivity of R/h with dx/B
The non-dimensional run-up is computed and compared for a particular dx/B ratio to study its sensitivity in capturing the maximum R/h. This is achieved by changing dx and B independently for a fixed dx/B. The threshold value of 5.0e-4, as obtained above, is selected along with yet another two more values of 5 times higher (2.5e-3) and 5 times lower (1.0e-4), for the sensitivity study. The variations of non-dimensional run-up (R/h) for dx/B of 2.5e-3, 5.0e-4 and 1.0e-4 are shown in Figs. 7a, b and c respectively. The plot of R/h for dx/B of 2.5e-3 shows that, the maximum run-up calculation is found to deviate near the peak. Variation in R/h for different combinations of base width and grid size is observed even though the dx/B ratio is same. The plot of R/h for dx/B of 5.0e-4 shows that the maximum run-up calculation is almost same for all the combination of base width and grid size. The plot of R/h for dx/B of 1.0e-4 shows least variation with respect to the results for dx/B of 5.0e-4. Thus, a refinement below dx/B of 5.0e-4 may not be necessary. The maximum non-dimensional run-up (R/h) for various dx/B shown in Fig.8 reveals that the variation in the run-up is only instantaneous splash below the threshold value of 5.0e-4. The computational time required for solution of the large scale physical problems are also of great concern. The time required for the prediction of run-up heights should be least (less than the real time) to make the model practically applicable. Thus, a study was carried out to investigate the computational time elapsed for solution of the problem. The computational time depends only on the grid size and not the base width, however, only for the purpose of comparison, the value of dx/B has been adopted. The percentage time consumed (with respect to real time) for different dx/B is also shown in earlier figure. The comparison shows that the threshold value of 5.0e-4 consumes less than 1% of the real time, whereas, further refinement need higher (below 8%) computational time for completing the job. Although, the computational time seems to be well below the real time for values of dx/B less than 5.0e-4, its implementation in actual 2D scenario will increase the computational time substantially. Hence, dx/B of 5.0e-4 could be considered as computationally efficient and can predict reasonably accurate run-up height.
INVESTIGATION OF GRID SENSITIVITY IN TSUNAMI LANDFALL
In order for the above study to be effective in realistic simulation of tsunamis, the above investigation must be extended to 2D with actual bathymetry. For this purpose, a study has been conducted on a computational domain comprising of Bay of Bengal, Arabian Sea and northern part of the Indian Ocean as shown in Fig. 9 , for simulation of landfall and run-up due to the Great Indian Ocean Tsunami on the northern Tamil Nadu coast. A region along northern Tamil Nadu coast of India (80º-81ºE, 12º-13ºN) as shown in Fig. 10a , has been considered for localized study. In this figure, LOC1 -LOC5 are the reference locations, where the computed run-up will be compared with signature data. The domain mentioned above is discretised using 9-noded elements as shown in Fig. 10b , where, a fine grid was used for the region along northern Tamil Nadu coast and a coarse grid was adopted for the rest of the domain. The computational model is supplied with the actual bathymetry using General Bathymetric Chart of the Oceans (GEBCO, 2008 ). An initial disturbance that resembles the type and location of the Great Indian Ocean Tsunami has been considered for generation of tsunami. The initial surface profile was determined by the method of Manshinha and Smylie (1971) as shown in Fig. 10c , for generation of tsunami. The tsunami was simulated using an Explicit FEM model and the details of the computational model and boundary conditions are described in Behera et al. (2008) . 
Effect of grid size on bathymetry
Although, it is expected that a refined grid will resolve detailed features of the bathymetry profile, the effort here in is to investigate its minimum suitable value to represent most of the bathymetry features of the coastal region. Considering the threshold value of dx/B of 5.0e-4 from the 1D study and initial wave length of Great Indian Ocean Tsunami (approximately 500 km), a grid size of 250m shall be International Journal of Ocean and Climate Systems adopted. As the elements considered, in the present study, are 9-noded, the size of elements should be two-node distance, i.e. 500m which corresponds to approximately 0.005 deg. Hence, the investigation was carried out by discretising the region of northern Tamil Nadu coast of India with three grid sizes, typically; 0.005 deg, 0.01 deg and 0.2 deg with dx/B values of 5.0e-4, 1.0e-3 and 2.0e-2 respectively. A non-dimensional grid size of 2.0e-2 was also used for discretisation of the rest of the domain including the deep ocean region. The bathymetry as modeled by dx/B of 2.0e-2, 1.0e-3 and 5.0e-4 are shown in Figs. 11a, b and c respectively. As expected, the bathymetry profiles for a water depth greater than 500 m are well represented in all grid sizes. As the water depth reduces, the change in modeling the bathymetry profiles, by the above grid sizes, are prominent and can be seen in Fig. 11 . The dx/B of 1.0e-3 represents the bathymetry with satisfactory resolution and further refinement with dx/B of 5.0e-4 does not show much improvement in the bathymetric features. Thus, the discretisation with dx/B of 1.0e-3 appears to be good enough.
Effect of grid size on wave profile
The run-up height at the shoreline mainly depends on the incoming wave profile. The wave while approaching the shore undergoes significant refraction and diffraction. Hence, the wave profile needs to be captured accurately by the underlying grid. Although, the long tsunami wave can be captured by large size grid, the diffraction pattern must be resolved satisfactorily in the coastal region requiring a finer grid. The captured wave profiles along with the representative mesh for different grid sizes are shown in Fig.12 for two instances of time (t = 2.27 hr and 2.4 hr) after the initiation of tsunami. The wave profile at 2.27 hr after the initiation of tsunami is predicted and shown in Figs. 12a, b and c for dx/B of 2.0e-2, 1.0e-3 and 5.0e-4 respectively. Similarly, the profile of tsunami at its arrival at shoreline (t = 2.4 hr) was predicted and is shown in Figs. 12d, e and f for dx/B of 2.0e-2, 1.0e-3 and 5.0e-4 respectively. It is found that dx/B of 2.0e-2 is not able to capture the wave profile and its features as shown in Figs. 12a and d. As the grid is refined to dx/B of 1.0e-3 the wave profile has been captured by the mesh as seen in Figs. 12b and e. Further refined grid, with dx/B of 5.0e-4, captures almost the same profile (shown in Figs. 12c and f) as in the case of dx/B equal to 1.0e-3. Thus, dx/B less than or equal to 1.0e-3 could be suggested for near shore discretisation, which is expected to predict better results during prediction of run-up height.
Effect of grid size on run-up
An improved computation of run-up at shoreline is expected with the refined grid size that represents the detailed bathymetry and distinct wave profile. In order to visualize this, the run-up was computed at the five selected locations listed in Table 2 and as shown in Fig. 10b, 11 and 12, along the coastal stretch of northern Tamil Nadu, east coast of India. The predicted maximum run-up values at locations LOC1 to LOC5 due to Great Indian Ocean Tsunami are also given in Table 2 . The tsunami was initiated at 0.9814 hour (Greenwich Mean Time), as was in the actual case and the simulation was carried out for 4 hours to capture the arrival of initial tsunami wave at the reference locations. The run-ups were Figure 13 . Time histories of run-up due to Great Indian Ocean Tsunami at shoreline for locations LOC1-LOC5 and comparison with the signature studies of Sundar et al. (2007) computed at the reference locations for the simulation duration and are presented in Fig. 13 . The time history at each reference location is computed for all three values of dx/B and the maximum initial run-ups at the reference locations at shoreline are compared with the signature data of Sundar et al. (2007) as seen in the earlier figure. The quantitative comparison of the maximum initial run-up at the reference locations for different values of dx/B is given in the above table. The time histories at various locations show that the run-up computed with dx/B of 2.0e-2 is highly under predicted in comparison to the dx/B of 1.0e-3 and 5.0e-4. The reason is obvious as the bathymetry and tsunami profile are not resolved properly with the coarse grid near the shore. The comparison of run-up between the dx/B of 1.0e-3 and 5.0e-4 is found to be close and is in good agreement with the run-up values of Sundar et al. (2007) . The quantitative values show that the predicted run-up has an average variation up to 50%, 12% and 10% with respect to the signature data of Sundar et al. (2007) , for dx/B of 2.0e-2, 1.0e-3 and 5.0e-4 respectively. Hence, it can be concluded that reasonably accurate run-up can be achieved with dx/B of 1.0e-3 and further refinement is not necessary to avoid increase in the computational time.
CONCLUSIONS
An extensive 1D study has been carried out to obtain a suitable non-dimensional grid size (dx/B) for computation of satisfactory tsunami run-up heights. The dx/B has been varied from 3.33e-5 to 1.0e-2 in the above study, to investigate the convergence of non-dimensionalised run-up values at the shoreline. It is found that dx/B of 5.0e-4 is the threshold value for satisfactory prediction of run-up heights. Then, the study was extended for simulation of the Great Indian Ocean Tsunami with nondimensional grid size (dx/B) of 2.0e-2, 1.0e-3 and 5.0e-4 based on the 1D study. The 2D study suggested that dx/B of 1.0e-3 or less could be used for computation of tsunami landfall and run-up heights with the EFEM model. Further refinement of grid size had no significant improvement on the prediction of results. Thus, a dx/B of 1.0e-3 is numerically accurate and computationally efficient and could be applied for the real time tsunami models.
